Manganese exposure alters iron homeostasis in blood and cerebrospinal fluid (CSF), possibly by acting on iron transport mechanisms localized at the blood-brain barrier and/or blood-CSF barrier. This study was designed to test the hypothesis that manganese exposure may change the binding affinity of iron regulatory proteins (IRPs) to mRNAs encoding transferrin receptor (TfR), thereby influencing iron transport at the blood-CSF barrier. A primary culture of choroidal epithelial cells was adapted to grow on a permeable membrane sandwiched between two culture chambers to mimic blood-CSF barrier. Trace
Introduction
Abnormal metabolism of iron in the systemic circulation and in the central nervous system (CNS) is reportedly associated with the etiology of a number of neurodegenerative diseases (Berg et al., 2001; Double et al., 2000; Gerlach et al., 2003) . Cellular iron overload in the basal ganglia, particularly in the substantia nigra, may catalyze the generation of reactive oxygen species and enhance lipid peroxidation. This iron-mediated oxidative stress may lead to the degeneration of nigrostriatal dopamine neurons in idiopathic Parkinson's disease patients (Jenner, 2003; Loeffler et al., 1995; Yantiri and Andersen, 1999; Youdim, 2003) .
Under normal physiological conditions, the CNS iron homeostasis is balanced by mechanisms that control the influx (i.e., a transferrin receptor [TfR]-mediated process), the storage (i.e., a ferritin-mediated process), and the efflux of iron (i.e., the bulk CSF flow) (Connor and Benkovic, 1992; Deane et al., 2004; Jefferies et al., 1984) . The TfR is located at the blood-brain barrier and the blood-CSF barrier, where it is responsible for the fluxes of iron in and out of brain; it also presents on the cell surface of neurons and neuroglia for cellular iron uptake (Burdo and Connor, 2001; Moos and Morgan, 2000) . TfR is abundantly expressed in the choroid epithelia (Giometto et al., 1990; Kissel et al., 1998) . At the cellular level, the proteins associated with iron homeostasis are post-transcriptionally regulated by binding or unbinding of iron regulatory proteins (IRPs) to mRNAs encoding TfR and ferritin whose sequences contain stem-loop structures, known as ironresponsive elements (IREs) (Beinert and Kennedy, 1993; Klausner et al., 1993) . In the absence of iron, IRPs are converted to the high-affinity binding state. The binding of IRPs to the IREs in the 5VUTR of ferritin mRNA represses the translation of ferritin, while the binding of IRPs to the IREs in the 3VUTR of TfR mRNA stabilizes the transcripts against as yet undefined ribonucleases. The up-regulation of TfR and down-regulation of ferritin thus elevate the intracellular free iron (Mikulits et al., 1999; Ponka and Lok, 1999) .
Research from this laboratory indicates that manganeseinduced neurodegenerative damage is associated with an altered iron status in blood circulation as well as in cerebrospinal fluid (CSF) Zheng et al., 1999b) . There appeared to be a unidirectional influx of iron from the systemic circulation into the cerebral compartment (Zheng et al., 1999b) . Using dual-perfusion technique and capillary depletion method to study iron influx to the brain, we recently further demonstrated that manganese exposure significantly augmented the influx of 59 Fe to the choroid plexus, a tissue where the blood-CSF barrier is located, but it did not affect the influx of 59 Fe to the other brain regions examined (Deane et al., 2002) . Thus, the choroid plexus (and therefore the blood-CSF barrier) may serve as the site for abnormal CNS iron homeostasis following manganese intoxication (Zheng et al., 2003) .
Since manganese shares many structural, biochemical, and physiological similarities to iron (Rao et al., 2003; Zheng, 2001) , the mechanism of manganese action may result from its direct interaction with iron on enzymes or proteins that require iron as a cofactor in their active catalytic centers. For example, IRP1, also known as cytoplasmic aconitase (ACO1), possesses a [4Fe-4S] cubic active binding site. Increased cellular manganese may replace the fourth labile iron and change IRP1 to [3Fe-4S] configuration; the latter favors the binding of IRP1 to IREcontaining mRNAs . Such an action, while suppressing the enzyme's catalytic function, may increase the binding of the protein to the TfR mRNA and subsequently enhance the cellular production of TfR.
Our previous work has demonstrated that manganese exposure inhibits aconitase activity, increases the stability of TfR mRNAs, and promotes the cellular overload of iron in the choroid plexus Zheng et al., 1998a Zheng et al., , 1999b . However, it was unclear whether manganese treatment altered the binding affinity of IRPs to IREcontaining mRNAs in the choroidal epithelial cells. It was also unclear whether manganese treatment modulated TfR gene expression at the transcriptional regulatory level. It should be pointed out that manganese action, either to enhance the transcription of TfR or to retard degradation of TfR mRNA, or both, could lead to an increased cellular level of TfR and the ensuing cellular overload of iron.
The purpose of this study was to (1) determine whether manganese exposure alters iron transport by the blood-CSF barrier by using a Transwell transport model with primary culture of choroidal epithelial cells; (2) determine the effect of manganese on the binding affinity of IRPs to IREcontaining mRNAs using a gel shift assay; (3) determine cellular mRNA levels and protein levels of TfR as affected by manganese treatment; (4) determine whether manganese exposure altered the transcriptional gene expression of TfR by determining the levels of heterogeneous nuclear RNA (hnRNA) encoding TfR and the nascent TfR mRNA; and (5) determine whether cellular mRNA levels of iron storage protein ferritin were affected by manganese exposure by using RT PCR and quantitative real-time RT-PCR.
Materials and methods
Primary culture of choroidal epithelial cells and Transwell transport studies. A primary culture of choroidal epithelial cells, which was used in the Transwell transport study, was established by using the method previously published (Zheng et al., 1998b) . Permeable membranes attached to the Transwell-COL culture wells were pretreated with laminin (14 Ag/mL) for 10 min. Aliquots (0.5 mL) of cell suspension were plated in 12-mm wells (2 Â 10 5 cells/well), which were designated as the inner chamber. The epithelial cells formed an impermeable monolayer barrier after 6-7 days in the culture. The formation of the cellular bbarrierQ between two chambers was confirmed by measurement of trans-epithelial electrical resistance (TEER) and by determination of paracellular leakage of [ 14 C]sucrose according to previously established criteria by this laboratory (Zheng and Zhao, 2002a, 2002b) .
Mn(II) solution as MnCl 2 was prepared by directly dissolving MnCl 2 in distilled, deionized water at a concentration of 40 mM as the stock solution, which was autoclaved prior to the use. The working solutions were diluted from the stock on the day of use.
The cells were exposed to 100 AM of MnCl 2 in culture medium of both chambers for 3 days prior to transport study. For 59 Fe transport, the cells were washed with and cultured in a serum-free Dulbecco's modified Eagle's medium (DMEM) supplemented with 5 Ag/mL insulin, 5 Ag/mL transferrin, 5 ng/mL sodium selenite, 5 ng/mL fibroblast growth factor, 25 Ag/mL prostaglandin E1, and 10 ng/mL mouse epithelial growth factor (EGF).
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Fe was added to the donor (outer) chamber to a final concentration of 1.5 AM (0.18 ACi/mL). Aliquots (10 AL) of media in both chambers were removed at specified times and counted in a gamma counter.
The initial flux rate constant (K i ) was estimated from the regression slope of initial 4 data points (0-7 h). The steady state concentration (C ss ) was calculated based on the mean values of the last 3 data points (26-44 h). The area under the curve (AUC) was obtained from the data points between 0 and 44 h.
Culture of choroidal epithelial Z310 cell line and manganese treatment. A choroidal epithelial Z310 cell line was originally developed by this laboratory (Zheng and Zhao, 2002b) . The cells possess the typical morphology of choroidal epithelial type and express the marker of transthyretin. Moreover, the cell line retains the proteins involved in cellular iron regulation such as TfR and ferritin. This cell line was used in the subsequent experiments to investigate mechanisms of manganese-iron interaction.
Z310 cells were grown in DMEM supplemented with 10% FBS, 100 units/mL penicillin, 100 Ag/mL streptomycin, and 10 mg/mL Gentamicin solution in 100 mm Petri plates in a humidified incubator with 95% air-5% CO 2 at 37 8C. Culture medium was changed twice per week.
The cells were exposed to manganese in culture media at the concentrations of 50, 100, or 200 AM. To create iron deficiency and overloaded conditions, cells were cultured in a medium containing 50 AM of desferroxamine (DFOM) and 30 AM of hemin for 10 h, respectively. The cells were harvested at the designated times and processed according to the procedures described below.
Western blot analysis of TfR. Proteins were extracted from cultured Z310 cells and total protein content was measured by a Bio-Rad protein assay kit using bovine serum albumin (range: 12.5-100 Ag/mL) as the standard. Aliquots (20 Ag) homogenates were loaded onto a 4 -20% Tris-HCl linear gradient ready gel (Bio-Rad), electrophoresed, and then transferred onto a PVDF membrane. Membranes were immunoblotted with mouse anti-human TfR antibody at room temperature for 60 min, followed by incubation with peroxidase-labeled anti-mouse secondary antibody. The bands corresponding to TfR (95 kDa) were visualized using an ECL method (Amersham, Piscataway, NJ). h-actin (42 kDa) was used as an internal control. Band intensity was quantified using UN-SCAN-IT (Version 5.1) software (Silk Scientific Inc., Orem, UT).
Gel shift assay. A gel shift assay was conducted to determine the interaction between IRPs and mRNAs containing IRE as described in literature (Lin et al., 2001) . The procedure consisted of three major steps. (1) Extraction of S100 cytoplasmic protein: Z310 cells with or without manganese exposure were harvested and homogenized, followed by centrifugation at 100,000 Â g for 1 h. The supernatant was dialyzed for 8 h against 20 volumes of degassed dialysis buffer composed of 20 mM HEPES, 0.1 M KCl, 20% (v/v) glycerol, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM dithiothreitol (DTT) using Spectra/Pro 96-well MicroDialyzer (150 AL capacity, Spectrum Laboratories, Rancho Dominguez, CA). The S100 cytoplasmic extracts were stored at À80 8C until use.
(2) Preparation of RNAs containing stem-loop structure: the DNA oligonucleotide template T7-1 (sequence: 5V TAA TAC GAC TCA CTA TA 3V) was annealed to ferritin-IRE (Ft-IRE, 2 AM) (sequence: 5VGGA TCC GTC CAA GCA CTG TTG AAG CAG GAT CCT CTC CCT ATA GTG AGT CGT ATTA) (customer synthesized by IDT, Coralville, IA) in 50 AL anneal buffer (10 mM Tris-HCl pH 7.5 and 10 mM MgCl 2 ). The mixture was heated to and maintained at 95 8C for 5 min and then cooled to less than 35 8C before operating the next step. The transcription reaction was carried out in a total of 50 AL with 0.2 AM annealed template, 12.5 U T7 RNA polymerase, 2 mM each of ATP, GTP, and CTP, 30 AM UTP, and 0.33 AM [a-32 P]UTP for 3.5 h at 37 8C, followed by RNA precipitation. The labeled RNA was further purified on a 15% denatured polyacrylamide gel. The bands corresponding to transcription products were excised and eluted; the RNA was recovered, precipitated, and then resuspended in water to at least 10,000 cpm/AL. The products of RNAs containing ferritin stem-loop structure were frozen at À80 8C until use (Lin et al., 2001) .
(3) Gel shift assay: the S100 cytoplasmic extracts (40 Ag of protein) were incubated with an excess (0.2 ng, 10 5 cpm) of [
32 P]-labeled IRE-containing RNA in a band shift buffer (10 mM HEPES, pH 7.6, 3 mM MgCl 2 , 40 mM KCl, 5% glycerol and 1 mM DTT) at 20 8C for 30 min (Leibold and Munro, 1988) . One unit of RNase T1 and 5 mg/mL heparin were added to destroy the unprotected RNA and to minimize nonspecific protein-RNA interaction. The mixtures were then loaded on 4% non-denature polyacrylamide gels and visualized by autoradiography. The density of protein-RNA bound bands was quantified.
Reverse transcriptase PCR (RT-PCR)-based transcriptional assay of heterogeneous nuclear RNA (TfR hnRNA assay). Quantitation of the primary transcripts, which are the very first products (i.e., hnRNA) of transcription including both introns and extrons, allows one to decipher whether or not manganese exposure has a direct effect on gene expression at the transcriptional level. Total RNA was extracted from Z310 cells using RNeasy mini kit (Qiagen, Valencia, CA). One Ag of total RNA was reverse-transcribed with a RETROscript kit (Ambion, Austin, TX), for rat TfR hnRNA using a forward primer 5VTAA GGC AAA ACA GGT CCC AT-3V and reverse primer 5VTAA ATC CCC AAC CCA AGC TA-3V, which yielded a 446-bp product, designed based on Intron I (base 13-975) of Rattus norvegicus transferrin receptor(14907 bp, NCBI access #: NW _ 047356), and for rat h-actin hnRNA, an internal marker, using a forward primer 5VCAC TGT CGA GTC CGC GTC CAC-3V and a reverse primer 5VGGA ATA CGA CTG CAA ACA CTC-3V to produce a 258-bp product (Danzi et al., 2003) . The products were amplified by PCR with 38 cycles: melting step at 94 8C for 30 s, annealing at 54 8C for 30 s, and extension at 72 8C for 40 s. Aliquots of the PCR reaction products were run on a 1.2% agarose gel containing ethidium bromide. The density of bands corresponding to TfR hnRNA and h-actin hnRNA were quantified using UN-SCAN-IT software.
Nuclear run-off assay. A nuclear run-off assay as described by Pastorcic and Das (2002) was employed with some modifications to determine the rate of transcription of TfR genes as affected by manganese exposure. The experiment consisted of three steps. (1) Preparation of cDNA membranes: cDNAs designed for TfR, GAPDH and S15 were immobilized onto a Zeta-Probe genomic tested blotting membrane (Bio-Rad Laboratories) by using a UV Crosslinker (UVP, Upland, CA). The targeted TfR cDNA and the loading controls (cDNAs of GAPDH and S15) were obtained by RT-PCR with a RETROscript kit, for rat TfR, using a forward primer 5VGGA TCA AGC CAG ATC AGC ATT-3V and reverse primer 5V CCA TCA ATC GGA TGC TTT ACG-3V, which yielded a 1554-bp product; for rat GAPDH, using a forward primer 5VAGA CAA GAT GGT GAA GGT CGG-3Vand reverse primer 5VGGG TGC AGC GAA CTT TAT TG-3V, providing a 1208-bp product; and for S15, using a forward primer 5VTTC CGC AAG TTC ACC TAC C-3V and reverse primer 5VCGG GCC GGC CAT GCT TTA CG-3V to generate a 361-bp product.
(2) Preparation of 32 P-labeled nascent nuclear RNA: At the end of the 24-h treatment with 100 AM of MnCl 2 , Z310 cells were harvested and resuspended (10 7 -10 8 cells) in 2 mL of 10 mM Tris (pH 7.4), 3 mM CaCl 2 , 2 mM MgCl 2 , and 1% NP-40. After homogenization, the nuclei were pelleted after a brief spin at 2000 rpm for 5 min at 4 8C. The isolated nuclei were resuspended in 200 AL of 50 mM Tris (pH 8.3), 5 mM MgCl 2 , 0.1 mM EDTA and 40% (v/v) glycerol per 5 Â 10 7 nuclei, and stored at À80 8C until use. The transcription reactions were started by adding an equal volume of 10 mM Tris (pH 8), 5 mM MgCl 2 , 0.3 M KCl, 1 mM ATP, 1 mM CTP, 1 mM GTP, and 5 mM DTT to the nuclei suspension with 100 ACi [a-32 P]UTP (3000 Ci/ mmol). The mixture was incubated for 30 min at 30 8C with agitation at 150 rpm. Reactions were stopped by adding 600 AL of HSB buffer containing 0.5 M NaCl, 50 mM MgCl 2 , 2 mM CaCl 2 , 10 mM Tris (pH 7.4), and 1000 U of RNase-free DNase I. DNase I treatment, which eliminates unwanted DNA sequences, was stopped by adding 200 AL 5% (w/v) SDS in 0.5 M Tris, pH 7.4, and 0.125 M EDTA and 10 AL of 20 mg/mL proteinase K. After 30 min incubation at 428 C, the elongated 32 P-labeled nascent nuclear RNAs were extracted with phenol/chloroform/isoamyl alcohol (25:24:1, v/v/v). The RNAs were precipitated by adding 2 mL ice-cold H 2 O containing 10 AL of 10 mg/mL yeast tRNA and 3 mL of 10% trichloroacetic acid (TCA)/60 mM sodium pyrophosphate. After incubation on ice for 30 min, the precipitates were collected by filtration onto Whatman GF/A glass fiber filters. Filters were washed three times with 10 mL of 5% TCA/30 mM sodium pyrophosphate and transferred to vials containing 1.5 mL of 20 mM HEPES (pH 7.5), 5 mM MgCl 2 , 1 mM CaCl 2 and 1000 U of RNasefree DNase I. After 30 min treatment at 37 8C, the reactions were quenched with 50 AL of 0.5 M EDTA and 70 AL of 20% SDS, and the samples were heated at 65 8C for 10 min, followed by centrifugation. The supernatant was transferred, treated with proteinase K for 30 min at 37 8C, and extracted again with an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1). The RNAs were precipitated with 0.3 M sodium acetate and 100% ethanol overnight at À20 8C. RNA pellets were resuspended in 1 mL of 10 mM Ntris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES), pH 7.4, 0.2% SDS and 10 mM EDTA.
(3) Hybridization: The 32 P-labeled nascent nuclear RNA samples were spotted onto Whatman GF/F glass fiber filters and counted for radioactivity so to adjust the radioactivity to exceed 5 Â 10 6 cpm/mL. The RNA samples were added to a vial containing the same buffer. Membrane strips bearing cDNAs from the first step were immersed in radiolabeled RNA samples and hybridized at 65 8C for 48 h. The membrane strips were removed, washed with 2 Â SSC for 20 min, and autoradiographed for quantitation.
RT-PCR analysis of light chain-ferritin (LFt) and heavy chain-ferritin (HFt). Two micrograms of total RNA was reverse-transcribed with a RETROscript kit, for rat LFt using a forward primer 5V-AGA AGC CAT CTC AAG ATG AG-3Vand reverse primer 5V-CTA GTC GTG CTT CAG AGT GA-3V, which yielded a 304-bp product and for rat HFt using a forward primer 5V-CCA GTA AAG TCA CAT GGC CT-3V and reverse primer 5V-GGC TAC TGA CAA GAA TGA TC-3V, which yield a 221-bp product (Marton et al., 2000) . Rat GAPDH was used as an internal control with a forward primer 5V-CAC CAC CCT GTT GCT GTA-3V and reverse primer 5V-TAT GAT GAC ATC AAG AAG GTG G-3V (David et al., 2001 ) to generate a 219-bp product.
The products of LFt and HFt were amplified by PCR with 28 cycles: melting step at 94 8C for 40 s, annealing at 53 8C for 30 s, and extension at 72 8C for 45 s. The products of GAPDH was amplified by PCR with 35 cycles: melting step at 94 8C for 40 s, annealing at 54 8C for 30 s, and extension at 72 8C for 45 s. Aliquots of the PCR reaction products were run on a 1.5% agarose gel containing ethidium bromide. The density of bands corresponding to LFt and HFt were normalized by GAPDH and quantified using UN-SCAN-IT software.
Quantitative real-time RT-PCR analysis TfR hnRNA, TfR mRNA, and ferritin mRNA. Levels of TfR hnRNA, TfR mRNA and ferritin (heavy chain and light chain) mRNA were quantified using real-time RT-PCR analysis as described by Walker (2001) . Briefly, total RNA was isolated from Z310 cells using TRIzol reagent (Invitrogen, Carlsbad, CA), followed by purification on RNeasy columns (Qiagen, Palo Alto, CA). Purified 1 Ag of RNA was reverse transcribed with MuLV reverse transcriptase (Applied Biosystems, Foster City, CA) and oligo-dT primers. The forward and reverse primers for selected genes were designed using Primer Express 2.0 software (Applied Biosystems). The ABsolute QPCR SYBR green Mix kit (ABgene, Rochester, NY) was used for real-time PCR analysis. The amplification was carried out in the Mx3000P real-time PCR System (Stratagene, La Jolla, CA). Amplification conditions were 15 min at 95 8C, followed by 40 cycles of 30 s at 95 8C, 1 min at 55 8C (for TfR hnRNA) or 60 8C and 30 s at 72 8C.
Primers sequences used for real-time RT-PCR analysis were: in hnRNA assay, for rat TfR hnRNA, using a forward primer 5VCAG GAA GTA GAA ACC CTA GAA AGG-3V and reverse primer 5V TGC AAT AGT CGC AAA GCA GA-3V, the fragment crosses intron I and extron II of rat TfR (the gene was deposited in BCBI, gi:34869631), and for rat h-actin hnRNA, an internal marker, using a forward primer 5V CAC TGT CGA GTC CGC GTC CAC-3Vand a reverse primer 5V GGA ATA CGA CTG CAA ACA CTC-3V; in mRNA measurement, for rat TfR using a forward primer 5V-CTA GTA TCT TGA GGT GGG AGG AAG AG-3V and reverse primer 5V-GAG AAT CCC AGT GAG GGT CAG A-3V (Genebank Access No. M58040), for rat LFt using a forward primer 5V-GTG AAC CGC CTG GTC AAC TT-3V and reverse primer 5V-AAC CCG AGC TAC TCA CCA GAG A-3V (Genebank Access No. J02741), for rat HFt using a forward primer 5V-CAA GTG CGC CAG AAC TAC CA-3V and reverse primer 5V-GTG TCC CAG GGT GTG CTT GT-3V(Genebank Access No. M18051); for rat GAPDH, used as an internal control, using a forward primer 5V-CCT GGA GAA ACC TGC CAA GTA T-3V and reverse primer 5V-AGC CCA GGA TGC CCT TTA GT-3V(Genebank Access No. NM _ 017008).
The relative differences in gene expression between groups were expressed using cycle time (Ct) values; these Ct values of the interested genes were first normalized with that of h-actin or GAPDH in the same sample, and then the relative differences between control and treatment groups were calculated and expressed as relative increases setting the control as 100%. Assuming that the Ct value is reflective of the initial starting copy and that there is 100% efficiency, a difference of one cycle is equivalent to a two-fold difference in starting copy (Liu et al., 2004a (Liu et al., , 2004b Walker, 2001 ).
Statistical analysis. All data are expressed as mean F SD. The replicates of experiments conducted in the same day were referred as n = 1; three such replicates on different dates were used for statistical analyses. The statistical analyses were carried out by paired t testing for single comparison or by analysis of variance (ANOVA), where the multiple comparison was required. Data presented in Fig. 1 were analyzed by two-way ANOVA to determine the overall treatment effect using GB-Stat PPC 5. 
Results

Manganese exposure increases transport of iron by choroidal epithelial cells
Following 1-week culture of primary choroidal epithelial cells on a porous membrane in the inner chamber, a cell monolayer was formed with a TEER value between 80 and Fig. 1 . Mn exposure facilitated Fe transport by the blood-CSF barrier. Fe transport study was conducted using an in vitro Transwell device with primary choroidal epithelial cells. Cells were exposed to 100 AM Mn for 3 days.
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Fe was added into the donor chamber and the radioactivity was monitored in the acceptor chamber at time indicated. Data represent mean F SD, n = 3. 120 V cm 2 (Zheng and Zhao, 2002a, 2002b) . The permeability coefficient of [ 14 C]sucrose on the Transwell model was less than 3 Â 10 À3 cm/min, which is comparable to reports in literature (Johnson and Anderson, 1999; Lagrange et al., 1999) . This in vitro model of blood-CSF barrier was used to study the effect of manganese exposure on iron transport at the blood-CSF barrier. When 59 Fe was added into the donor (outer) chamber, the radioactivity in the acceptor (inner) chamber raised gradually. A two-way ANOVA revealed a significant treatment effect between Mn-treated group and control group ( P b 0.0001), between the blank (without cells) and controls (with cells) ( P b 0.0001), and between the blank and Mn-treated group ( P b 0.0001). The initial flux rate constant (K i ) in the control, untreated cells was 81 dpm/mL/min. Exposure of the cells to manganese (100 AM for 3 days) increased K i to 109 dpm/mL/min, an increase of 34% (Fig. 1) . The steady-state concentration (C ss ) and AUC 0-44 of 59 Fe in the inner chamber was increased by 11% and 25% of controls, respectively (Table 1) .
When the cells in the inner chamber were harvested to determine the retention of 59 Fe in the choroidal epithelial cells, it was found that manganese exposure significantly reduced the amounts of 59 Fe retained in cells by 58% of controls (Fig. 2) . These data suggested that while manganese treatment facilitated iron transport at blood-CSF barrier, it reduced the iron storage by these cells.
Manganese exposure increases the expression of TfR in vitro
Facilitated transport of iron by the choroidal epithelial barrier after manganese treatment could result from an elevated cellular TfR. Quantitative real-time RT-PCR revealed that manganese treatment at both 100 and 200 AM for 24 h significantly increased the levels of TfR mRNA by 67% and 90%, respectively ( P b 0.01, Fig. 3 ). By using Western blot analysis, a significant increase in cellular protein levels of TfR was also found in choroidal epithelial Z310 cells following manganese exposure at 100 AM (Fig. 4A) . The increase in TfR levels was evident at 12 h after exposure ( P b 0.05) and it reached the maximum (84% increase) at 36 h (Fig. 4B) . The effect remained significant even at day 6 after manganese exposure ( P b 0.05). Within the dose range of 50-200 AM of MnCl 2 in the culture media, there was a significant dose-response relationship between manganese concentrations and TfR protein expression by linear regression analysis (r 2 = 0.542, p = 0.006) (Fig. 4C) . Relative differences between groups were analyzed using cycle time values; these values were initially normalized with that of GAPDH in the same sample followed by expression as a percentage of controls. Data represent mean F SD, n = 3. **P b 0.01 (compared to controls).
Manganese exposure increases IRP binding to TfR mRNA in vitro
The increased protein level of TfR by manganese treatment could be either due to an up-regulation of TfR gene expression at the transcriptional level, or due to a stabilized protein expression at the translational level. Since TfR mRNA possesses a unique stem-loop structure for IRP binding, a gel shift assay was performed to determine if manganese treatment enhanced the binding of cytosolic IRPs to radiolabeled TfR mRNA. At a concentration of 100 AM, manganese exposure caused an increase of binding of IRPs to the stem loop-containing mRNAs (Fig. 5A) . The binding of IRP1 to IRE-containing mRNAs reached the highest at 24 h following manganese exposure ( P b 0.05, Fig. 5B) ; the time course appeared to be parallel to that of TfR protein synthesis (Fig. 4B) . Manganese treatment also promoted the binding of IRP2 to IRE-containing mRNA. Application of DFOM (50 AM for 10 h), an iron chelator which depletes cellular iron, increased the binding of IRP1, but not IRP2, to IRE-containing mRNAs by 155% (Figs.  5A, B) .
Effect of manganese exposure on the status of TfR hnRNA
The hnRNA consists of newly transcribed, unspliced nuclear RNAs prior to their entry to cytoplasm. The levels of hnRNA reflect the combination of the rate of gene transcription, the status of RNA processing, and the stability of nuclear RNA (Delany, 2001) . To investigate whether manganese exposure directly affected the transcription of TfR gene. The relative amounts of the 446-bp TfR hnRNA and quantitation of 375-bp TfR hnRNA level in 1 Ag of total RNA extracted from Z310 cells were determined by using RT PCR and real time PCR, respectively. The amount of TfR hnRNA was normalized by the expression of h-actin hnRNA. Results in Fig. 6 showed that manganese treatment (100 and 200 AM for 24 h) did not cause any statistically significant changes in the expression of TfR hnRNA as compared to the control group.
Effect of manganese exposure on transcription rate of nascent TfR RNA Nuclear run-off assay allows specifically for detection of changes in the transcription rate of nascent RNA. In this experiment, the nuclei from Z310 cells, which were exposed to 100 AM of manganese for 24 h, were harvested; the transcripts that had already been initiated within the nuclei at the time of harvest were further elongated in the presence of 32 P-labeled ribonucleotides. These labeled nascent RNAs were then purified and the levels of TfR mRNAs quantified by hybridization to cDNA probes designed for rat TfR, which were pre-immobilized onto nitrocellulose membrane. Rat GAPDH and S15 cDNA probes were used as internal control. The results from nuclear run-off assay demonstrated that no statistically significant differences were observed between control and manganese-treated groups (Fig. 7) . The data suggested that manganese exposure seems unlikely to affect the transcription rate of nascent TfR RNA. 
Manganese exposure decreases intracellular ferritin level in vitro
Since manganese treatment reduced the cellular retention of 59 Fe as seen in the Transwell study (Fig. 2) , it became necessary to investigate whether manganese exposure altered the cellular level of ferritin. Both RT-PCR analysis (Figs. 8A, B) and real-time PCR (Fig. 8C) revealed that manganese treatment at either 100 or 200 AM for 24 h significantly reduced the levels of ferritin mRNA with the heavy chain being more profoundly affected than the light chain. DOFM (50 AM for 10 h) caused the similar reduction in ferritin levels, whereas the treatment with hemin (30 AM for 10 h) significantly increased the cellular ferritin (Fig. 8) .
Discussion
Manganese exposure alters iron homeostasis in systemic circulation and in the CNS. Following manganese exposure, toxicity is thought to be associated with changes of the expression of TfR in the brain barrier systems, that is, the blood-brain barrier and blood-CSF barrier (Zheng, 2001) . The cellular level of TfR is regulated at both transcriptional and translational levels. The present work indicates that manganese exposure increases the amount of TfR in cultured choroidal epithelial cells, thereby facilitating the transport of iron at the blood-CSF barrier. We further demonstrate, for the first time in the literature, that the increased TfR concentration in the choroid plexus is due primarily to manganese action at translational level on protein-TfR mRNA interaction, but not due to manganese effect on transcriptional modulation of TfR gene expression.
Our previous studies suggest that manganese exposure selectively increases TfR mRNA in cultured primary choroidal epithelial cells and neuronal type PC12 cells, but not in primary astrocytes (Chen et al., 2001; Zheng and Zhao, 2001) . This corresponds to the increase of cellular 59 Fe uptake by PC12 cells, but not astrocytes, following Mn exposure . Results presented in this report by using quantitative real time RT-PCR and Western blot further corroborate that the increased expression of TfR mRNA by manganese did lead to an increased protein level of TfR in the choroid plexus. The effect of manganese on the expression of cellular TfR was both manganese concentration-dependent and exposure time-related. Thus, alteration of cellular iron homeostasis following manganese exposure appeared to be a direct result of altered cellular TfR expression by manganese.
Regulation of TfR expression occurs at multiple sites, that is, at transcriptional modulation of TfR gene transcription within nuclei or at translational intervention of TfR protein synthesis in cytoplasm. Transcriptional regulation usually affects cellular RNA abundance by affecting the rate of transcription and RNA processing, while post-transcriptional regulation mainly influences the mRNA abundance by acting on the rate of mRNA decay. Thus, an elevated (control and Mn-treated) . Relative differences in gene expression between groups were expressed using cycle time values; these values were first normalized with that of h-actin in the same sample, and the expression in the experimental group was expressed as a percentage of expression in controls. Averages of triplicate samples from three independent experiments are shown. Date were expressed as mean F SD, n = 3 ( P N 0.05). The band densities in RT-PCR were quantified and expressed as mean F SD, n = 3. *P b 0.05, **P b 0.01 as compared to controls. (C) Real-time PCR quantification of mRNAs encoding light chain ferritin (LFt) and heavy chain ferritin (HFt) in Z310 cells. Relative differences in gene expression between groups were expressed using cycle time values; these values were first normalized with that of GAPDH in the same sample, and the expression in the experimental group was expressed as a percentage of expression in controls. Averages of triplicate samples from three independent experiments are shown. Date were expressed as mean F SD, n = 3. *P b 0.05, **P b 0.01. level of TfR mRNA by manganese treatment could result from either a decrease in TfR mRNA degradation, or an increase in TfR mRNA synthesis, or both. Two methods were used in the current research to determine whether manganese acted on the gene transcription of TfR. Quantification of primary TfR transcripts from hnRNA allows for identification of a direct effect of manganese on gene transcription of TfR within nuclei (Delany, 2001) . When the nuclear RNA was harvested from both control and manganese-treated groups, no significant changes in TfR hnRNA were found between these two groups. Thus, it is unlikely that manganese exposure activated the transcription of the genes that encode TfR.
The nuclear run-off assay detects the changes in the transcription activity of nascent TfR mRNA (but not changes in processing of TfR RNAs). Following elongation with 32 P-labeled ribonucleotides and hybridization onto the filter with an immobilized TfR cDNA probe, the nascent TfR mRNA was quantified by removal (run-off) of nonspecific RNAs by RNase A. Similar to results of TfR hnRNA assay, no significant changes in the density of nascent TfR mRNA, in comparison to those of GAPDH and S15, were identified between control and manganesetreated groups. Collectively, these studies suggest that manganese exposure did not affect the transcriptional regulation of TfR gene expression.
The mRNAs encoding TfR and ferritin possess one or more unique stem-loop structures common to iron responsive elements (IREs). Binding and unbinding of IRPs to the stem-loops determine the cellular production of TfR and ferritin. The active center of IRP1 possesses an interchangeable cubic structure between [3Fe-4S] and [4Fe-4S] cluster. Under the normal condition, a reductive switch of the [3Fe-4S] cluster to [4Fe-4S] cluster is required for aconitase activity (Beinert and Kennedy, 1993) . The conformational change of IRPs may occur in response to variations of cellular iron concentrations, signaling factors, as well as stress mediators (e.g., nitrogen monoxide, cytokines, and hydrogen peroxide) (Rouault and Klausner, 1996) . Our previous investigations suggest that manganese, by catalyzing the conversion of the active site of aconitase from a [4Fe-4S] state to a [3Fe-4S] state, inhibits the proteinVs catalytic function, while it may facilitate the transformation of the protein to an mRNA binding protein. The latter form promotes its binding to IRE stem loop-carrying mRNA (Chen et al., 2001; Zheng et al., 1998a ).
In the current study, a gel shift assay was used to determine the binding activity between cellular IRPs and mRNAs containing the stem-loops. The choroidal epithelial cells treated with manganese displayed a remarkable increase in binding of IRP1 to stem loop mRNAs in comparison to controls. Binding of IRP2, which shares 61% overall amino acid identity with IRP1, but lacks aconitase activity (Guo et al., 1995) , to IRE-containing mRNA was also increased by manganese treatment. Our results are in agreement with the studies conducted in PC12 cells by Kwik-Uribe et al. (2003) , who reported an 80% increase of binding activity of IRP1 to TfR mRNA following manganese exposure. Thus, the increased cellular levels of TfR mRNA and TfR proteins appear to be due to a posttranscriptional modulation by manganese on proteinmRNA interaction, thereby stimulating the production of TfR. A direct consequence of this protein-mRNA interaction in the neuronal type of cells is the cellular overload of iron with the subsequent iron-initiated oxidative damage. In the blood-CSF barrier, manganese-induced IRPs-mRNA interaction may lead to an enhanced transport of iron at the barrier.
The Transwell model with the primary culture of choroidal epithelial cells has been used to evaluate the trans-epithelial transport of materials (Zheng and Zhao, 2002a; Zheng et al., 1999a) . Upon formation of an impermeable monolayer at days 7-8, trace amounts of 59 Fe were added to the outer (donor) chamber. The rate of appearance of 59 Fe radioactivity in the inner (acceptor) chamber thus represents transepithelial transport of 59 Fe. Exposure to manganese apparently promoted the transport of 59 Fe across the choroidal epithelial barrier. This observation may explain the elevated iron concentration in the CSF following in vivo manganese exposure (Zheng et al., 1999b) . More interestingly, there was a vast reduction in 59 Fe storage in the choroidal epithelial cells as compared to controls.
Iron is stored in ferritin, which contains 24 subunits, made of heavy (H) and light (L) polypeptide chains that are encoded by different genes, surrounding a cavity in which the iron deposits (Lawson et al., 1991; Munro, 1993) . The H-chain is responsible for the rapid oxidation, storage, and uptake of iron (Cozzi et al., 2000) and acts as a regulator of the cellular labile iron pool and an attenuator of the cellular oxidative response (Epsztejn et al., 1999; Geiser et al., 2003) , whereas the L-chain creates the nucleation site for iron and formation of the iron core, a complex of iron, phosphate and oxygen (Munro, 1993; Ponka et al., 1998) . Our investigation on the ferritin mRNA expression revealed a significant reduction of intracellular ferritin mRNA levels following manganese exposure, especially ferritin heavy chain, implying an altered iron storage and elevated cellular oxidative stress. It is conceivable that binding of IRPs to the IRES in the 5V UTR of ferritin mRNA may suppress the production of ferritin and decrease cellular iron storage.
In summary, the results in the present study demonstrate that alteration by manganese of cellular TfR takes place at the translational level on IRPs-mRNA interaction, but not at the level of TfR gene transcription. At the blood-CSF barrier, manganese, upon entering the epithelial cells, may replace iron in [Fe-S] cluster of IRP1, which in turn facilitates the binding of IRPs to mRNAs containing stemloop structure. The up-regulation of TfR along with the down-regulation of ferritin at the blood-CSF barrier thus promotes the influx of iron from systemic circulation to the cerebral compartment.
